The cell cycle plays an important role in the development and adaptation of multicellular organisms; specifically, it allows them to optimally adjust their architecture in response to environmental changes. Kip-related proteins (KRPs) are important negative regulators of cyclin-dependent kinases (CDKs), which positively control the cell cycle during plant development. The Arabidopsis genome possesses seven KRP genes with low sequence similarity and distinct expression patterns; however, why Arabidopsis needs seven KRP genes and how these genes function in cell cycle regulation are unknown. Here, we focused on the characterization of KRP3, which was found to have unique functions in the shoot apical meristem (SAM) and leaves. KRP3 protein was localized to the SAM, including the ground meristem and vascular tissues in the ground part of the SAM and cotyledons. In addition, KRP3 protein was stabilized when treated with MG132, an inhibitor of the 26S proteasome, indicating that the protein may be regulated by 26S proteasome-mediated protein degradation. KRP3-overexpressing (KRP3 OE) transgenic plants showed reduced organ size, serrated leaves, and reduced fertility. Interestingly, the KRP3 OE transgenic plants showed a significant reduction in the size of the SAM with alterations in cell arrangement. In addition, compared to the wild type, the KRP3 OE transgenic plants had a higher DNA ploidy level in the SAM and leaves. Taken together, our data suggest that KRP3 plays important regulatory roles in the cell cycle and endoreduplication in the SAM and leaves.
INTRODUCTION
Unlike animals, which can sense and respond to environmental changes by actively moving to an optimal habitat, sessile plants adapt to a changing environment by altering their growth and development. Cell division is one of the most important features of environmental adaptation in organisms, particularly in plants. Moreover, plants have the potential to create new organs and to develop new organs post-embryonically from specialized regions called meristems, where cell division plays a key role both in the developmental processes that create the overall architecture of a plant and in modulating the plant growth rate in response to environmental changes (Barton, 2010; Laufs et al., 1998) . The machinery of the cell includes several positive and negative regulators that control the progression and cessation of the cell cycle. Among these regulators, cell cycle phasespecific cyclin (CYC) and cyclin-dependent kinase (CDK) complexes trigger the successive continuation of the cell cycle (Inzé and De Veylder, 2006; Nowack et al., 2012) . CDK inhibitors negatively regulate cell division by interacting with CYC/CDK complexes. Plant CDK inhibitors carry a conserved domain found in mammalian CDK inhibitors, known as Kip-related protein (KRPs)/inhibitor of CDK (ICKs). The Arabidopsis genome contains seven KRP genes (De Veylder et al., 2001; Wang et al., 2006) . Previous studies based on the ectopic expression of KRP1, KRP2, KRP4, and KRP6 confirmed that these proteins function as negative regulators of cell division; reductions in plant size, organ size, and cell number have been observed (De Velder et al., 2001; Liu et al., 2008; Verkest et al., 2005; Weinl et al., 2005) . The reason that Arabidopsis needs seven KRP genes and how these KRP genes function in cell cycle regulation (i.e., collectively or individually) are currently unknown.
Previous reports demonstrated that the seven KRP genes in Arabidopsis have distinct spatial and temporal expression patterns, as well as distinct functional patterns (De Veylder et al., 2001; Menges and Murray, 2002; Menges et al., 2005; Ormenese et al., 2004; Wang et al., 2006) . These findings suggest that the KRP family is transcriptionally regulated according to spatial and temporal conditions (e.g., by organ or developmental stage). Based on these previous studies, we propose that the seven KRP genes in Arabidopsis display distinct substrate specificities (i.e., phase-specific CDKs) and that they affect the spacing and timing of development by regulating the cell cycle.
On the other hand, several recent studies in plants reported that KRP genes inhibited or induced endoreduplication. The overexpression of Arabidopsis KRP1, KRP2, and KRP6 was shown to inhibit endoreduplication, decreasing the ploidy level in leaves and trichomes (De Veylder et al., 2001 ; Liu et al., http://molcells.org 2008; Schnitter et al., 2003) . In contrast, studies in a variety of organisms have demonstrated a potential positive role for KRPs in endoreduplication. Maize KRPs are reportedly involved in endoreduplication during endosperm development (Coelho et al., 2005) . In addition, KRP2 overexpression was found to trigger the mitosis-to-endocycle transition during leaf development (Verkest et al., 2005) .
In this study, we characterized KRP3 and found that it has unique functions in the shoot apical meristem (SAM) and leaves. GUS expression was identified in the SAM (including the ground meristem and vascular tissues in the ground part of the SAM and cotyledons) in KRP3pro:KRP3-GUS transgenic plants. In addition, KRP3 protein was stabilized when treated with MG132, an inhibitor of the 26S proteasome, suggesting that KRP3 is regulated by 26S proteasome-mediated protein degradation. KRP3-overexpressing (KRP3 OE) transgenic plants showed well-known KRP-overexpression phenotypes, including reduced organ size, serrated leaves, and reduced fertility. Interestingly, the KRP3 OE transgenic plants showed a reduction in the size of the SAM and alterations in cell arrangement. In addition, compared to the wild type, a higher DNA ploidy level was detected in SAM and leaf cells of the KRP3 OE transgenic plants. Taken together, our results suggest that KRP3 is involved in regulating the cell cycle and endoreduplication in the SAM and leaves.
MATERIALS AND METHODS

Plant materials and growth condition
The wild type used in this study was Arabidopsis thaliana Columbia-0 (Col-0). Transgenic plants with KRP3pro:KRP3-GUS and transgenic plants with sense KRP3 constructs driven by the CaMV 35S promoter in Col-0 background were used for the analyses. Seeds of wild type and transgenic lines were surface sterilized, germinated on Murashige and Skoog (MS) medium and seedlings were transferred to soil after 3-weeks. Plants were grown at 23°C under long-day light condition (50-100 μE/m 2 s, 16 h of light).
DNA constructs and generation of transgenic plants
To construct the KRP3pro:KRP3-GUS and CaMV35S pro: KRP3, we isolated KRP3 promoter region, full genomic region and KRP3 protein encoding region from Col-0 genome and cDNA library, respectively. We amplified DNA fragment from 2.5 kb upstream of transcriptional start codon to stop codon of KRP3 (AT5G48820, GenBank: BT025290.1) with primers of TOPO-proKRP3-F; 5′-CACCAAGAAGATCTTTTCATGAAAGA GAAAAAAAG-3′ and KRP3-R2; 5′-GGTTTGACTTGCACCCA TTCGTAAC-3′ and KRP3 protein encoding region with primers of TOPO KRP3-F; 5′-CACCATGGGGAAATACATGAAGAA-3′ and KRP3-R1; 5′-TCATGGTTTGACTTGCACCCATTCGT-3′. These DNA fragments were cloned into the pENTR™/D-TOPO ® vector (Invitrogen, USA). All clones were confirmed by sequencing. Then, each KRP3 promoter:KRP3 fragments and KRP3 encoding region in the pENTR™/D-TOPO ® vector was mobilized into the destination vector, pGWB3 containing GUS gene and pH2GW7 containing CaMV 35S promoter through LR reaction, a recombination reaction between attL site in pENTR™/ D-TOPO ® and attR site in destination vectors by LR clonase (Invitrogen, USA). All constructs were introduced into Arabidopsis thaliana by the floral-dip method through Agrobacteriummediated transformation. Transgenic plants were isolated by hygromycin as a selection marker.
RT-PCR analysis
To confirm expression level of KRP3, semiquantitative RT-PCR was carried out. Total RNA of the wild type and transgenic plants was extracted from aerial parts of 3-weeks seedlings using RNeasy Mini Kit (Quagen, Germany). First-strand cDNA was prepared using the SuperScript first-strand synthesis system (Invitrogen, USA). DNA fragment of KRP3 was amplified by the following conditions and primer pairs: for KRP3, 5′-AGATCATGGTTACACCAGGG-3′ and 5′-CATTCGTAACGTC CGCTGAG-3′. TUB4 transcript level was examined as control using the following primer pairs, 5′-CCTCTTCTTCCTCCTCG TAC-3′ and 5′-AGAGGTTGA CGA GCAGATGA-3′. et al., 1999) . Palisade cells between the midvein and the leaf margin in the center of the leaf blade were analyzed. The number and size of palisade cells per unit area of this region was determined. For histological analysis, fixed seedlings were dehydrated by sequential 30-min incubation in 50%, 60%, 70%, 80%, 90%, 95%, and 99.5% (v/v) ethanol, and 1 h incubation in 100% (v/v) ethanol twice. The dehydrated seedlings were set in Technovit 7100 resin (Heraeus Kulzer, Wehrheim/Ts., Germany) at room temperature, once in 50% (v/v) resin and twice in 100% resin. Seedlings were embedded in molds and harden for 24 h. Longitudinal section of seedling resin block were performed with a rotary microtome (4-μm thick) (MICROM International, Germany), and then slices were stained with a 0.1% (w/v) solution of toluidine blue in 0.1 M sodium phosphate buffer (pH 2.0) for 2 min. Whole leaves, leaf cells, and sectional slices were observed by stereoscopic microscopy (Leica MZ12.5, Leica, Germany) and a light microscopy (Axioskop2, Carl Zeiss, Germany).
Microscopic observation
GUS staining of Arabidopsis seedling Plant seedlings were incubated in 90% (v/v) acetone for 1 h at -20°C, and washed with 50 mM sodium phosphate buffer (pH 7.0) containing 5 mM K 3 Fe(CN 6 )III, 3 mM EDTA, and 0.05% (v/v) Triton X-100. For GUS staining, washed seedlings were immersed in above mentioned 50 mM sodium phosphate buffer containing 0.5 mg/ml 5-bromo-4-chrolo-3-indoly-β-D-glucuronide at 37°C for overnight. To terminate staining, seedlings were mounted in 70% (v/v) ethanol.
DNA ploidy analysis
To visualize DNA contents of cells in SAM, 4′,6-diamidino-2-phenylindole (DAPI) staining was utilized. Slice of SAM in 14-day-old old seedlings was prepared from histological analysis method and then stained with 10 mg/ml DAPI for 30 min. DAPI stained nuclei in SAM cells was observed by fluorescent microscopy (Axioskop2, Zeiss, Germany). To measure the amount of DNA contents in leaves, DNA ploidy analyzer was used. Frozen leaves were chopped with a razor blade in nuclei extraction solution and supplemented with nuclei staining solution (http://www.partech.com). The homogenate was filtered over a 30-μm mesh. The nuclei were analyzed with the Cystain UV Precise P 05-5002 (http://www.partech.com).
